recombinant plasmid, pFG5, has been analyzed extensively and a detailed restriction map is presented. pFG5 DNA efficiently transforms TK-mouse L cells. The TK coding sequence in the cloned fragment has been localized and a smaller recombinant plasmid, pAGO, also carrying an active TK gene, has been constructed to serve as a more convenient vector for transfer, into TK-cells, of genes previously cloned in E. coli.
Herpes simplex virus (HSV) codes for a thymidine kinase (TK; ATP:thymidine 5'-phosphotransferase, EC 2.7.1.21) (1). An enzyme with a similar activity is found in animal cells, but TKcell lines have been isolated (1) . Their cellular defect can be complemented by the HSV TK gene. TK+ cells can easily be selected (1) . Wigler et al. (2) have isolated a BamHI restriction fragment carrying the HSV TK gene that induces the biochemical transformation of TK-cells into TK+ cells. A unique copy of the TK gene is covalently integrated in the DNA of all transformants (3) . These results raise the possibility that the HSV TK gene can be used as a selective marker for the cotransfer of other genes into animal cells and, in particular, of genes previously cloned and characterized in Escherichia coli. Because it is likely that E. coli is not adequate for proper in ivo expression of genes from the higher eukaryotes (4), the transfer of such genes into animal cells may be important for performing functional analyses. As a first step in the development of such a transformation system, we have cloned in E. coli and characterized extensively the BamHI HSV1 DNA fragment (2) that carries an active TK gene.
MATERIALS AND METHODS Biohazards. Biohazards associated with the experiments described in this publication have been examined previously by the French National Control Committee, and the experiments were carried out according to the rules established by this committee.
Cells, Virus, and Viral DNA Extraction. Normal mouse L cells and TK-mouse LM cells (clone iD) were grown in Leibovitz L15 medium containing 5% calf serum (kindly provided by J. C. Guillon and G. Buttin, respectively). TK+ cells were selected in the same medium supplemented with thymidine, adenosine, guanosine, glycine, and aminopterin (Sigma) (HAT medium) as described (1 Restriction fragments were recovered from agarose gel slices either by electrophoresis or by freezing and thawing (8, 9) and further purified as follows: to 1 vol of DNA solution, 1 vol of 2.5 M potassium phosphate buffer (pH 7.6) and 1 vol of 2-methoxyethanol (10) were added. After gentle mixing, the two phases were allowed to separate for 30 min at 4°C and were centrifuged for 30 min at 6000 X g at 4°C. The upper phase was then extensively dialyzed against 0.3 M NaCl/1 mM EDTA.
Bacterial Transformation and Construction of Recombinant Plasmids. E. coli 1106 (803 rk-mk-supE supF) (11) was used for transformation (12) .
The BamHI TK fragment of HSV1 F strain DNA was purified from an 8.3-kilobase (kb) Hpa I fragment (13) . Equal amounts (500 ng) of the TK fragment and BamHI-cleaved pBR322 (14) hypoxanthine/aminopterin/thymidine; kb, kilobase.
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Eukaryotic Cell Transformation. Restriction endonuclease treated DNAs were heated for 3 min at 650C prior to transfection in order to eliminate possible end-to-end reassociation. Confluent TK-L cells in 25-cm2 Corning flasks were transfected as described (15) with modifications (16) . Cultures were switched to HAT selective medium 24 hr later. By 3 weeks, primary colonies were counted microscopically. Transformed cell lines were established by passing colonies in HAT medium.
Cell Extract Preparation and TK Assays. Cell extracts were prepared as described (1) Germany). Nuclei were removed by spinning at 5000 X g. The supernatants were clarified at 30,000 X g for 30 min at 4VC. The standard assay mixture consisted of 0.1 M maleic acid/Tris to pH 6.5/0.01 M ATP/0.02 M MgCl2/10 mM NaF/10 ,M [3H]thymidine (500 mCi/mmol, Commissariat a l'Energie Atomique, Saclay, France; 1 Ci = 3.7 X 1010 becquerels). After 3-hr incubation at 37°C, samples were spotted on Whatman DE-81 paper disks, which were washed four times in ethanol and assayed for radioactivity. For neutralization, 3 Ml of control serum or purified IgG against HSVl-infected rabbit cells that specifically neutralized HSV TK [a generous gift of D. R. Dubbs (17) ] were added to 15 Ml of each enzyme sample, which contained 2-6 mg of protein per ml (18) . The samples were incubated overnight at 4°C, clarified at 12,000 X g for 10 min, and assayed for TK activity.
RESULTS

Construction of pFG5, a Recombinant Plasmid Carrying
the HSV1 TK Gene. The BamHI fragment of HSVL DNA carrying the TK gene was purified as described by Pellicer et al. (13) from an 8.3-kb Hpa I fragment of the viral genome and recombined with BamHI-cleaved pBR322 (19) . The HSV fragments were isolated from agarose gels by a method (described in Materials and Methods) that reproducibly provided, with a high yield, materials suitable for restriction endonuclease cleavage, ligation, and electron microscopy. Because insertion at the BamHI site of pBR322 inactivates resistance to tetracycline, bacteria harboring recombinant plasmids are easily scored as ampicillin resistant and tetracycline sensitive (14) . One recombinant plasmid, pFG5, which generated a fragment of 3.6-kb upon digestion with BamHI, was analyzed further.
Restriction Map of the BamHI HSV1 DNA Fragment. After cleavage of pFG5 by BamHI, the cloned HSV fragment comigrated in agarose gel with a 3.6-kb fragment obtained after digestion of pBR322 with EcoRI and Pst I (19) . The cloned HSV DNA could be separated from the pBR322 vector by electrophoresis in an agarose gel (Fig. 1) or by centrifugation in a NaI density gradient (not shown). The TK fragment was not cleaved by Bcl I, HindIII, Hpa I, Kpn I, Sal I, or Xba I. It was cut once by Bgl II, HinclI, and Sac I and twice by EcoRI and Pvu II. There were three Pst I cleavage sites, four HinfI sites, and five Sma I sites. The HincII site has an asymmetric location in the HSV1 BamHI cloned DNA fragment such that digestion of pFG5 by HinclI determines the orientation of HSV DNA with respect to the vector. Cleavage of pFG5 by EcoRI yielded three fragments of 4.5, 2.4, and 1.05 kb, which were isolated by sedimentation in a sucrose gradient (not shown). The data in Fig. 1 (Fig. 3) . The pFG5 DNA-transformed iD cells 3 8 Results are averages of duplicate samples. * TK specific activity in crude cell extracts is expressed as pmol of thymidine phosphorylated in 3 hr at 370C per ug of protein. ends. It appears possible, therefore, that the TK gene is encoded by one of the Sma I fragments.
Comparison with the restriction map in Fig. 2 suggests that the active TK gene is contained in the 2-kb Pvtu II HSV DNA fragment, perhaps in the 1.3-kb region extending from the Pvos II to the Sma I site located at positions 950 and 2285 in the map of Fig. 2 . This region would be large enough to code for the 43,000-dalton TK protein (21 Biochemical transformation of TK-cells by sheared HSV1 DNA or pFG5 has similar characteristics. In both cases, the dose-response curve is linear (Fig. 3 and ref. 23 ), so that one TK gene is presumably enough to induce biochemical transformation. In addition, the efficiencies are comparable (1-10 TK+ colonies per jig of sheared HSV1 DNA versus a few hundred colonies per ,ug of BamHI-cleaved pFG5 DNA-i.e., about 2-20 TK+ colonies per 1010 gene equivalents). In this instance the activity of a gene in an animal cell can be compared to that of the same gene cloned in E. coli. The results suggest that DNA cloned in E. coli has not undergone changes (such as restriction-modification) that interfere with its expression in mouse cells.
Several restriction enzymes destroy the transforming activity of the cloned HSV1 DNA, while others do not. This allowed the localization of the TK coding sequence in a 2-kb Pvu II fragment, and, perhaps, in the 1.3-kb Pvu II/Sma I fragment shown in Fig. 2 , which is theoretically large enough to encode the 43,000-dalton protein (21) . Because we have not as yet subcloned this fragment, we cannot be certain that it contains an active TK coding sequence. The 2-kb Pvu II fragment, in contrast, has been recloned in pBR322, and the recombinant plasmid, pAGO, transforms about as efficiently as pFG5. pAGO is smaller than pFG5, carries both ampicillin and tetracycline resistance genes, and has several unique restriction sites (BamHI, HindIII, Sal I) located in the latter (such that integration of DNA at these sites will cause partial or total loss of resistance to tetracycline). pAGO, therefore, is a more convenient vector than pFG5 for cloning additional genetic material in E. coli prior to transfer into animal cells.
The fate of TK DNA in biochemically transformed cells has not been investigated yet. In view of previous results (13) , it is possible that the DNA becomes integrated into the host chromosomes. Because supercoiled pFG5 or pAGO induces biochemical transformation efficiently, it seems possible that plasmid sequences linked to TK become integrated as well. The finding that linear pFG5 DNA transforms 2-5 times better than supercoiled DNA is unexplained.
The availability of the cloned HSV1 TK gene can serve several purposes. The regulation of TK expression during the life cycle of herpes viruses can be more easily studied. The mechanism by which the TK gene possibly becomes integrated into the host chromosomes in biochemical transformation is amenable to molecular analysis. Finally, the HSV1 TK gene may be used for the transfer of genes into animal cells in one of the following ways: (i) The cloned BamHI 
